Abstract Current methods of treating congenital clubfeet provide high rates of functional outcomes. Despite the clinical outcomes, radiographic assessment suggests residual equinus deformity of the hindfoot. It is unclear whether these deformities result in abnormal foot-floor pressures and whether they correlate with clinical outcome. We evaluated 28 feet in 20 patients following Ponseti treatment for clubfoot by clinical and pedobarographic examination a mean of 33 months after removal of the last cast. The data were compared to age-and weight-matched normal subjects and to the unaffected foot in the unilaterally affected patients. Despite ankle range of motion of 30°and a physiologic hindfoot valgus alignment in 19 cases, pedobarography suggested differences in maximum force, impulse, contact area, and peak pressure compared to normal subjects. Compared to the unaffected foot the only difference was reduced peak pressure over the medial hindfoot and forefoot with increased pressure over the lateral midfoot. Similar to radiographic abnormalities in studies on treated clubfeet with good functional outcome, pedobarographic analyses show differences compared to a control group. The value of pedobarographic analysis for predicting successful treatment of congenital clubfoot is questionable since it does not correlate with the clinical outcome in patients treated with the Ponseti method.
Introduction
The nonoperative treatment of clubfoot deformity developed by Dr. Ignacio Ponseti has gained increasing acceptance as the treatment modality of choice [13, 15, 16] . Weekly manipulation and casting corrects the deformity at the level of the subtalar joint in most cases. If required, a percutaneous tenotomy of the tendoachilles is performed to improve dorsiflexion. To avoid early recurrences, the application of a foot abduction brace is required for approximately 4 years [21] . Initially the brace is applied full time for 3 months, followed by a 14-hour application at night and during naps for the remaining time. Initial correction is reported in up to 98% of cases [19, 20] . Compliance with the brace protocol is crucial to avoid recurrences at an early stage [1, 10, 19, 24] . Excellent longterm function has been documented by Cooper and Dietz [5] and Ippolito et al. [15] .
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of ground reaction forces with force or pressure platforms. In contrast to measurements with a force platform, plantar pressure measurements provide detailed information about the whole foot contact and loading in various foot regions during the roll over process (eg, the normal transition from heelstrike to foot flat and toe off). Pressure measurements analyze the force across a defined surface whereas force describes the interaction between two bodies. Plantar pressure measurements provide several parameters of interest (eg, peak pressure, contact area, contact time, maximum force, and force time integral) and can be recorded for barefoot or in-shoe patterns. Platforms are mostly used in laboratory settings and are typically embedded in a walkway or the floor. Insoles can be used to measure plantar pressures within a shoe to evaluate the effect of different construction or design features of a shoe [6] .
Despite good functional outcomes [5, 19] , radiographic studies continue to reveal a number of differences between clubfeet and unaffected feet [5, 16, 22] . As a result, standard radiographs as an outcome measure following clubfoot treatment are not frequently obtained or reported. Since pedobarography is sensitive for detecting changes in foot-floor or foot-shoe pressures and since residual hindfoot deformities might create abnormalities, we reasoned barefoot pressures might better correlate with clinical outcomes than radiographs.
The purpose of our study was to ascertain whether pedobarographic measurements would detect differences of idiopathic clubfeet following successful Ponseti treatment when compared to normal feet. Specifically we compared the following pedobarographic parameters of clubfeet with those of normal subjects and those of the normal foot in patients with unilateral clubfoot: (1) peak pressure, (2) maximum force, (3) force time integral, and (4) total contact area.
Materials and Methods
We identified a consecutive group of 20 children with congenital clubfoot deformity (28 feet) treated by the method described by Ponseti. All patients were available for clinical examination and dynamic foot pressure measurements. Thirteen of the 20 patients were male. The average age at the time this study was conducted was 36.8 months (range, 29-45 months).
The clinical evaluation included range of motion measurement by handheld goniometer reading for hip, knee, and ankle, thigh-foot angle, and the intermalleolar distance. Softness of the heel pad was assessed following Pirani classification (as described by Flynn et al. [9] .) and classified as soft or hard, depending on the amount of soft tissue overlying the heel. Range of motion of the subtalar joint and hindfoot alignment were determined as early indicators for possible recurrences [20] . Results from the clubfoot patient group were compared to a control group of normal subjects. The control group consisted of 20 children matched for age, height, and weight with no foot abnormalities or other motor dysfunction. Foot loading parameters of these children have previously been published by Bosch et al. [3] establishing normative values for the developing child. We also compared the data of the healthy versus the affected foot in children with unilateral deformity.
All pedobarographic measurements were performed on an ST 4 platform (EMED ST4, Novel1 GmbH, Munich, Germany). The vertical component of ground reaction forces was measured in a 50-Hz frequency enabled by high focal resolution of four sensors/cm 2 . All children were instructed to walk barefoot and at a self-selected speed over the platform. After several test runs, measurements were obtained in a standardized fashion. Although total walking distance was not predefined, care was taken that the starting point was in a sufficient distance to the platform, thus avoiding the first step to be on the measuring platform. Only data obtained from an unaided, fluid gait was considered for analysis. Five measurements were obtained for each foot [14] . Data analysis was supported by Novel software (Novel Medical Professional 12.3.19; Novel1 GmbH, Munich, Germany) and Microsoft Excel (Redmond, WA). The pressure area of the foot was divided into 10 regions of interest according to standard PRC mask provided by the analysis software. The PRC mask was described by Cavanagh et al. [4] and divided the foot in 10 different foot areas: medial and lateral hindfoot (M1 and M2), medial and lateral midfoot (M3 and M4), medial, central, and lateral forefoot (M5, M6 and M7), hallux (M8), second toe (M9), and lateral toes (M10) (Fig. 1) .
The boundaries between the heel and the midfoot and the midfoot and the forefoot were defined by default as 73% and 45% of the foot length from the toes to the heel respectively. The lateral and medial determination was defined by a foot axis from the center of the heel to the center of the second toe. The first, second and lateral metatarsals heads were separated by straight lines drawn parallel to the foot axis; these lines divided the forefoot region vertically from the medial to the lateral side into sections of 30%, 25%, and 45% respectively (cp. Manual Version 13, Novel GmbH Munich).
We evaluated four dynamic parameters for each area of interest: (1) peak pressure in kPa (PP) (force divided by area), (2) maximum force in N (MF), (3) force time integral in Ns (FTI) (integral of force with respect to time), and (4) contact area in cm 2 (CA). MF was normalized to bodyweight (%BW); CA was normalized to total foot area (%CA), and FTI was normalized to the force time integral of the total foot (%FTI). For analysis we calculated the mean of five foot trials. To obtain five representative trials we sometimes needed to obtain as many as 20-50 trials. We terminated the trials when five successful trials for each foot were obtained. Twenty trials were typical and did not appear to cause any fatigue in the children. With very few difficult cases we obtained up to 50 trials and then it was more a challenge to keep the children motivated rather than to prevent fatigue; we obtained the trials by ''distracting'' the child with toys or rewards or games. Trials with incomplete foot prints or double contacts on the platform were omitted. The extracted parameters were not normally distributed as tested by the Kolmogorov-Smirnov one sample test and plotting histograms. Differences in peak pressure, maximum force, force time integral, and contact area between the affected and unaffected foot of the clubfoot group were determined using the nonparametric dependent Wilcoxon signed rank test. Differences between the clubfoot group and the healthy controls were determined using the nonparametric independent Mann-Whitney U test.
Results
The clinical examination of all clubfeet in the affected group resulted in an average dorsiflexion of the ankle of 30°and a plantar flexion of 50°. The subtalar joint presented with full range of motion consisting of 40°of subtalar external rotation. The thigh-foot angle measured an average of 20°. The hindfoot presented in a valgus alignment in 19 patients, and one patient revealed a hindfoot varus. All patients were able to walk on their toes and heels.
Mean peak pressures were reduced (p \ 0.005) in all hindfoot and forefoot areas (M1, 2, 5, 6, 7, 8, 9, 10) in the clubfoot group compared with those of the control group (Table 1) (Fig. 4) . No difference was observed between the two groups in the midfoot areas (M3, M4) (Fig. 2) . When comparing the clubfeet in unilateral affected individuals with the unaffected side, decreased values for mean peak pressure were noted for the medial hindfoot (M1), medial forefoot (M5), and the toe areas (M8, M9, and M10). A relative increase in peak pressure was noted for the lateral midfoot area (M4) (p \ 0.005) ( Table 2) .
Mean total maximum force (MFto) in the clubfoot group was decreased (p = 0.0026) compared to that in the control group. Area-specific analysis resulted in reductions (p \ 0.0001) of MF in the hindfoot (M1, M2) and the forefoot (M5, M6). No differences were seen in areas M7, M9, and M10. MF was increased in the midfoot areas M3 (p = 0.0006) and M4 (p \ 0.0001) (Fig. 3 and Fig. 4 ). No differences were noted in MFto when comparing unilateral clubfeet to the unaffected side (p = 0.6379).
The mean relative impulse as force time integral (FTI) was reduced in areas M1 (p = 0.0002), M5, and M6 (p = 0.0001) in the clubfoot group. The same group had increased FTI in both the medial (M3, p \ 0.0001) and lateral (M4, p \ 0.0001) aspect of the midfoot (Fig. 5) . No differences appeared when comparing with the unaffected foot (p = 0.530).
Mean total contact area (CA) was similar for clubfoot group and control group (CA-to, p = 0.219). We observed decreased mean CA in M1 and M2 (hindfoot) and M5, M6, M8, and M9, representing the more central and medial aspect of the forefoot. Increased CA was noted in the midfoot M3 (p = 0.0008) and M4 (p \ 0.0001). Total contact area measurement in the affected and not affected feet in unilateral cases were similar (p = 0.888). 
Discussion
The treatment protocols for congenital clubfoot deformity have changed substantially in many institutions over the past 10 years. Feet treated by the Ponseti method have improved clinical outcomes when compared to surgically treated feet [13, 15] . Although excellent in functional outcome, radiographic studies suggest residual deformity such as a decreased talocalcaneal angle [5] . The functional load-bearing aspect of the feet during walking can be measured by pressure platforms. Pedobarography analyzes the force across a defined surface by providing several parameters of interest such as peak pressure, contact area, contact time, maximum force, and force time integral and is an objective dynamic test for evaluation of foot function. We wondered whether the typical sorts of residual hindfoot deformities might be reflected in functional load-bearings pattern of successfully treated clubfeet using the Ponseti method. The variables analyzed include a clinical examination and four pedobarographic parameters from peak pressure, total maximum force, force time integral to total contact area. One limitation to our study is the lack of radiographs. Radler et al. [23] reported that clubfeet treated with the Ponseti method showing dorsiflexion on clinical examination can present with an increased tibiocalcaneal angle suggesting rocker-bottom deformity prior to tenotomy. Even after tenotomy, radiographs suggested a tibiocalcaneal angle below the normal range in 12 of 87 clubfeet. We were not able to include radiographs in our study as parental consent was not given in the majority of cases. Second is the young age of our patients increasing the number of trials necessary in order to obtain five valid trials. Our center, however, has extensive experience in pedobarographic measurements [3] and other similar studies in even younger children have been published by similar experienced groups in the past [7] . Further, Table 1 . targeting the pressure plate has not in the past influenced the ground reaction force parameters when using our gait protocol (free walking at self-selected speed and without covering the platform; previously described by Wearing et al. [25] .) in combination with experienced personnel. Finally, the small number of patients in our clubfoot group may reduce the generalizability of our observations. Rather than stating statistical significance, we included all p values for the reader's consideration (Tables 1, 2 ). However, all children in this group were treated by one physician following the same treatment protocol resulting in a highly homogeneous group. In 1995, Cooper and Dietz [5] examined 45 adults with 71 clubfeet treated by the Ponseti method. In their followup study, patients were evaluated clinically, radiographically, and by pedobarographic and electrogoniometric measurements. Clinically, the examined feet showed mildly reduced dorsiflexion of the ankle and on radiological evaluation presented with residual cavus deformity. The pedobarographic evaluation revealed increased pressure over the midfoot area similar to our present study. The change in pressure pattern was attributed to a reduced dorsiflexion causing a shift from the hindfoot to the midfoot area. Although we were able to measure increased peak pressure in the midfoot area, our patients did not have any limitation of their ankle motion with an average of 30°. All clubfeet however revealed a soft heel pad according to the Pirani classification [9] which in our opinion could be the leading cause for reduced peak pressure of the hindfoot area in the examined clubfeet [5] . The amount of fatty tissue under the sole has been seen as a possible cause for reduced values of hindfoot peak pressure when comparing the plantar pressure distribution in children with that of adults [12, 18] . An increased fat pad of the heel is frequently seen in children after Ponseti treatment, providing a possible explanation for reduced peak pressure of the hindfoot (Fig. 6 ). According to Morag and Cavanagh, a decreased calcaneal inclination angle will decrease peak pressure under the heel and increase pressure under the midfoot [18] . Their model suggests an increased calcaneal inclination of one standard deviation will reduce peak pressure of the midfoot by 20.2 kPa. Radiographic analyses by Radler et al. [23] report an average lateral talocalcalcaneal angle of 36.4°with 12 of 87 clubfeet showing angles below the reported normal range. An increase in midfoot pressure, however, does not necessarily lead to the conclusion of a rocker-bottom foot in feet with normal ankle dorsiflexion. Cooper and Dietz reported increased midfoot pressures in clubfeet with a radiographically measurable midfoot cavus [5] . The average age at followup was 34 years, however, and allows no direct comparison to our younger population.
Hee et al. similarly concluded normal-looking clubfeet with good function are in fact not normal by gait analysis or static pedobarography [11] with increased mid and forefoot pressure in their surgically treated clubfoot group. Similarly our patients with good range of motion also showed elevated maximum force, contact area, and impulse of the midfoot with reduction of the same parameters in the forefoot and hindfoot areas in the pedobarographic analysis. We also observed reduced peak pressures of the heel and first toe, widening of the hind-and midfoot area. The center of pressure path however showed only minimal changes in comparison to the control group (Fig. 6) . Lateralization of the center of pressure path towards the outer border of the foot has previously been described for surgically treated clubfeet with persistent varus of the hindfoot and midfoot adductus [26] . However, one study comparing Ponseti-treated clubfeet with the agematched control group and in unilateral cases with the contralateral unaffected side [17] reported no clear tendency toward lateralization. A mild lateral transfer of weight bearing was also reported by Cooper and Dietz [5] with, however, no effect on the overall functional result. They suggest a certain tolerance towards a shift of the center of pressure path.
Aronson et al. [2] reported no differences in morphometric analysis, strength, radiographic structure, and movement when comparing the unaffected foot of children with unilateral clubfoot with a matched control group. In contrast to these results, Favre et al. [8] suggested that even the unaffected foot in unilaterally affected children exhibited differences in pressure and force distribution when compared to normal feet. According to these authors, a smaller ankle plantarflexion moment in the clubfoot might be compensated by the hip and knee joint of the same limb resulting in an asymmetrical gait pattern affecting pedobarographic parameters of the contralateral side. The differences might also be attributed to a central nervous adaptation of the gait pattern in an attempt to compensate for any existing asymmetries. These asymmetries have been observed not only in the kinematics of the foot itself but also further proximal, such as in a lower gastrocnemius activity on the unaffected side in patients with one clubfoot [17] . It is therefore questionable if the contralateral foot in unilaterally affected individuals can be used as a reliable control group. Our results are consistent with these sorts of asymmetries, showing differences only in peak pressure measurement between the two feet. Similar to Favre et al. [8] , we found the unaffected foot had increased peak pressure for the areas M1, M8, and M10, representing the area of the medial hindfoot, hallux, and third to fifth toe, with decreased pressure in the lateral midfoot area. There may also be mechanical influence of the soft tissue around the heel pad on hindfoot peak pressure [18] , resulting in decreased pressure values with increasing tissue thickness. Frequently clubfeet treated with the Ponseti method initially have a softer heel. This persisting softness reduces over the first two to three years and results in a heel with normal soft tissue distribution (personal communication, Dr. Ignacio Ponseti). Differences in peak pressure between the affected and unaffected foot in unilaterally affected individuals might relate to basic asymmetries in the gait [8] or to tissue differences, whereas the remaining measurements of maximal force, contact area, and impulse measurement are not influenced by this condition.
We report a pedobarographic analysis of 20 children with congenital clubfoot deformity at an average of 33 months after Ponseti treatment. Despite excellent dorsiflexion and full ankle range of motion, the clubfoot group showed differences when compared to an age-matched control group. When using the unaffected foot as a control in patients with unilateral clubfoot, we found an increase only in peak pressure measurement for the lateral midfoot and decreased values for the medial hindfoot, hallux, and lateral toe area. Future studies need to correlate radiographic results with pedobarographic measurements to identify any clinical implication of the differences obtained by pedobarographic analysis in asymptomatic clubfeet treated with the Ponseti method and understand their causes if clinically important.
